The properties of polar optical phonons in thick single crystals of semi-insulating ZnO have been studied experimentally by infrared small-angle oblique-incidence reflectometry (SAOIR) with the subsidiary measurement of Raman scattering. The infrared light used is s-or p-polarized and incident to the c-face of the crystals at an angle of 10°. Despite such a small angle of incidence, since the principal components of the dielectric tensor are very small around the frequencies of longitudinal optical (LO) phonons, Snell's total reflection and Brewster's null reflection take place contiguously to modify the reststrahlen band. Consequently, a pair of line structures due to LO phonons of A 1 and E 1 modes appear in the difference spectrum between the s and p spectra.
Introduction
The reflection of light by a substance arises from the reemission of electromagnetic waves by electric dipoles induced in the substance by incident light. An electromagnetic wave emitted by an oscillating electric dipole has an axially symmetric profile of its power. One unique aspect of this radiation is that the flow of electromagnetic energy is absent on the line of the axis of the dipole. Consequently, upon oblique incidence of light from a medium to a planar interface against a different medium, if the light is polarized parallel to the plane of incidence and the sum of the angles of incidence and refraction is equal to π/2, no reflection of light occurs. This is known as Brewster's law 1) . In contrast, when the relative index of refraction of the interfacing medium is smaller than unity and the angle of incidence is greater than a critical value, the incident light is totally reflected. These Brewster's null reflection (hereafter referred to as BNR) and Snell's total reflection (hereafter referred to as STR) have been put to various practical uses in the optical engineering of materials.
Recently, Kuroda, one of the present authors, and Tabata 2) have theoretically studied the oblique-incidence reflection of s-polarized and p-polarized infrared lights due to polar optical phonons in insulating polar materials at small angles of incidence of typically 10°. The notations s and p signify the directions of the electric field of light that are perpendicular and parallel to the plane of incidence, respectively. Kuroda and Tabata have focused their attention on the fact that the principal components of the dielectric tensor in insulating polar materials have small values at frequencies around longitudinal optical (LO) phonons, that is, every principal component is negative below the frequency ω LO of a certain LO phonon but increases monotonically with increasing frequency to become positive above ω LO .
3) In this situation, in contrast to the case of normal-incidence reflection, BNR and STR take place contiguously, giving rise to steep minima and maxima in close vicinity to ω LO in the reflection spectrum. This small-angle oblique-incidence reflectometry (SAOIR) is similar to infrared spectral ellipsometry 4) , but is different from it in the sense that the angle of incidence is set to be so large as 55−75° in standard spectral ellipsometry. The most remarkable aspect of the spectrum obtained from SAOIR is the fact that the responses from LO phonons are observed as line structures. This SAOIR technique has been employed for characterizing film/substrate systems of GaN/sapphire 5, 6) and ZnO/sapphire 7) . In the present study, we apply this technique to thick single crystals for the first time.
Structurally anisotropic materials play major roles in current short-wavelength optical devices. Blue-and white-light-emitting diodes are composed of multiple quantum wells of GaN, InGaN, and AlGaN. These III-nitride semiconductors have a crystal structure of the hexagonal wurtzite type. ZnO is another wide-gap semiconductor having the wurtzite structure, and has attracted much attention since the violet electroluminescence of a p-i-n junction has been reported. 8) Wide-gap semiconductors have an advantage in that they are transparent for infrared-visible radiation. Therefore, they are favorable for use as ultraviolet ozone sensors for monitoring environmental air pollution, as well as for use as flat electrodes for solar cells.
9)
The development of new photonic devices requires accurate knowledge of the electronic and lattice properties of the constituent substances. As has been reported for GaN films, 5, 6, 10) the properties of polar optical phonons reflect the lattice quality and residual stress of the films. The shift in the phonon frequencies from those of unstrained bulk crystals provides information on residual stress. The damping energies of polar optical phonons tell us about the lattice quality and even about the depth profile of the lattice quality of the films. In addition, the observation of the coupling of LO phonons with a plasmon of free carriers yields quantitative information on the free-carrier parameters without measurements of transport properties. 11, 12) The properties of phonons in bulk-crystalline ZnO, however, are not established yet, although vibrational properties have been studied extensively by infrared reflection 12, 13) and Raman scattering measurements 11, 14−19) . 14, 15) of polar optical phonons, which is common to heterogeneous anisotropic compounds.
The purpose of the present study is to experimentally search for the intrinsic properties of polar optical phonons, particularly of LO phonons, in ZnO using SAOIR. In §2, we present the physical basis of STR and BNR in the infrared SAOIR spectrum of ZnO crystals. The experimental procedure is described in §3, and the results of experiment for thick single crystals of nearly insulating ZnO are presented and discussed in §4.
Physical Basis of Infrared SAOIR for c-Face of ZnO
We deal with the oblique-incidence reflection of linearly polarized infrared light from the plane c-face of a ZnO crystal. The optical configuration of the experiment is shown in Fig. 1 . Representing the angle of incidence of light and the angle of refraction as θ and ϕ , respectively, from Snell's law, we have
where ε(ω) is the dielectric function of the crystal and ω is the frequency of the infrared light.
For clarity of the physical picture, we assume that ε(ω) is a real function of ω throughout this section unless otherwise noted. When ε(ω) is negative, the crystal does not transmit light, so that incident light is totally reflected. Equation (1) Representing the principal dielectric function for the a-and c-directions as ε ⊥ (ω) and ε || (ω), respectively, the dielectric function ε s (ω) for s-polarized light is given by
whereas ε p (ω) for p-polarized light is given by
By applying eq. (1) to ε p (ω), we may rewrite eq. (3) into
Let us represent the phonon-polariton states that give ε || (ω) = sin 2 θ and ε ⊥ (ω) = sin 2 θ as S || and S ⊥ , respectively, and the LO phonons polarized ||c and ⊥c as LO || and LO ⊥ , respectively. Then, remembering that LO || gives ε || (ω) = 0 and LO ⊥ gives ε ⊥ (ω) = 0 in insulating polar materials, 3) we find from eq. (2) 
It is evident from eqs. (5a) and (5b) that BNR occurs only in p-polarization. The frequency of BNR is one of the two solutions of
Since we set sin . The other solution gives the frequency of the lattice-plasma antiresonance. For s-polarized light, the lattice-plasma antiresonance takes place at ω satisfying ε ⊥ (ω) = 1.
Normal modes of lattice vibrations in ZnO, which has a wurtzite structure of a C 6v point symmetry, are represented as
One A 1 and one E 1 modes are acoustic modes and the other A 1 and E 1 modes are infrared and Raman-active optical modes, whereas two E 2 modes are optical but only Raman-active and the two B 1 modes are both infrared and Raman-inactive. Consequently, there is one ITR band, being called reststrahlen band, for each of the polarizations E||c and E⊥c, that is, a band due to the optical A 1 mode for E||c and a band due to the optical E 1 mode for E⊥c. Practically, the dielectric tensor responsible for this phonon system is a complex function of ω. Writing the frequency of the TO phonon as ω TO , the dielectric tensor can be expressed in terms of the four-parameter semi-quantum oscillator model introduced by Gervais and Piriou as 
where ε ∞ is the optical dielectric constant, and γ LO(TO) is the damping energy of the LO(TO)
phonon. Here, we deal with an ideal situation that TO and LO phonons undergo negligible damping, namely, γ TO||,⊥ = γ LO||,⊥ = 0. In this situation, it is evident from eq. (8) 
We confirm from Fig. 2 that S || and S ⊥ serve as reflection edges of the SAOIR spectrum.
Interestingly, despite the fact that the total reflection is seen at frequencies from TO ⊥ up to S ⊥ (591. Fig. 2 .
Experimental Procedure
Commercial synthetic crystals of ZnO (CrysTec) are used as the samples. Figure 3 shows the results of SAOIR measurement for the Zn-polar c-face of ZnO crystals. Although being significantly broadened and suppressed by damping, a dip due to BNR at the LO || edge of the A 1 mode is clearly observed on the shoulder of the reststrahlen band of p-polarization. Figure 4 shows a close-up of the region around the shoulder of the s and p spectra. In addition to the prominent feature due to BNR, the difference between the s and p spectra due to STR arising in the frequency region from LO ⊥ over S ⊥ is distinct on the higher-frequency side of BNR. The modification due to these BNR and STR becomes more evident if we draw the spectrum of R p -R s , as shown in Fig. 5 . The results for the O-polar face are identical to the results for the Zn-polar face within experimental errors.
Experimental Results and Discussion
As is evident from Fig. 2 , the A 1 (TO || ) mode is almost silent in SAOIR in the optical configuration of this experiment. Hence, we measure Raman scattering from one side face of our sample crystal, for the scattering by this mode is known to be comparatively intense for the configurations x(yy)x' and x(zz)x'. 13) The spectrum obtained for x(yy)x' is shown in Fig. 6 .
There appear first-order scatterings due to the A 1 (TO || ) mode, the E 1 (TO ⊥ ) mode, a nonpolar E 2 mode, and the E 1 (LO ⊥ ) mode; moreover, several second or higher-order scatterings due to off-Γ phonons 13, 17) are observed. We may identify the A 1 (TO || ) mode at 378.7 cm -1 .
To interpret the observed bands of SAOIR quantitatively, we calculate the spectra of R s and R p from eqs. (5a) and (5b) by introducing nonvanishing damping energies γ's of TO and LO phonons into the dielectric function given by eq. (8). Note here that the infrared beam is focused by concave mirrors; therefore, the angle of incidence θ might have a significant breadth. Since the features of BNR and STR grow up nonlinearly with increasing θ,
2) the breadth of θ would strengthen such features. At the same time, as suggested by the arguments presented in §2, they would shift to some extent towards higher frequencies. Taking these properties into account, in the present study, we regard θ as the effective angle of incidence of our apparatus. Then, by choosing θ = 11.0° and adjusting the frequencies and damping energies of the respective phonon modes, we can reproduce the experimental spectra very well with the calculated spectra: The best-fit curves are shown in Figs To see how the reststrahlen band is modified due to BNR and STR, we calculate the normal-incidence reflectivity R ⊥ taking θ = 0° without changing other quantities. The calculated curve of R ⊥ is compared with the observed and calculated s and p spectra in Fig. 4 .
The spectra of R p -R ⊥ and R ⊥ -R s are also shown in Fig. 5 , demonstrating the contributions of BNR and STR clearly. As mentioned in the preceding paragraph, the minimum positions of the spectra of R p -R ⊥ and R ⊥ -R s deviate slightly from frequencies of LO || and LO ⊥ , respectively. Equation (9) suggests that the deviation increases in a manner of a quadratic function of θ for θ << 1. In ZnO, if θ exceeds 5°, the deviation becomes larger than 0.1 cm -1 , reaching 0.7 and 0.4 cm -1 for BNR of R p -R ⊥ and STR of R ⊥ -R s , respectively, at an effective θ of 11.0° of our apparatus.
From the treatment described above, the frequencies and damping energies of all the modes except TO || , which has been observed by Raman scattering, can be obtained with accuracies of ±0.3 and ±0.5 cm -1 , respectively. The results are listed in Table I , and compared with the previously reported data. Our data are all found within the scattering ranges of the previous data.
Conclusions
We have studied the physical basis of STR and BNR due to optical phonons in the SAOIR spectrum from the c-face of ZnO crystals. We have measured s-and p-polarized et al. 12) et al. 13) et al. 14) et al. 
